\diosnueyy soyulny }diosnueyy JOUuINY \diosnueyy Joulny 


\diosnueyy soulNy 


~~» HHS Public Access 
sé 


Author manuscript 
aa Schizophr Res. Author manuscript; available in PMC 2021 May 01. 


Published in final edited form as: 
Schizophr Res. 2020 May ; 219: 84-94. doi:10.1016/j.schres.2019.09.016. 


WEALTH 
ot" ty 


Schizophrenia and the Retina: Towards a 2020 Perspective 


Steven M. Silverstein, Ph.D.2:°, Samantha I. Fradkin, B.A.°, Docia L. Demmin, M.A.° 
aRutgers University Behavioral Health Care 


>.Rutgers University — Robert Wood Johnson Medical School Departments of Psychiatry and 
Ophthalmology 


°-Rutgers University - Department of Psychology 


Abstract 


Background—Differences between people with schizophrenia and psychiatrically healthy 
controls have been consistently demonstrated on measures of retinal function such as 
electroretinography (ERG), and measures of retinal structure such as optical coherence 
tomography (OCT). Since our 2015 review of this literature, multiple new studies have been 
published using these techniques. At the same time, the accumulation of data has highlighted the 
“fault lines” in these fields, suggesting methodological considerations that need greater attention 
in future studies. 


Methods—We reviewed studies of ERG and OCT in schizophrenia, as well as data from studies 
whose findings are relevant to interpreting these papers, such as those on effects of the following 
on ERG and OCT data: comorbid medical conditions that are over-represented in schizophrenia, 
smoking, antipsychotic medication, substance abuse, sex and gender, obesity, attention, 
motivation, and influences of brain activity on retinal function. 


Results—Recent ERG and OCT studies continue to support the hypothesis of retinal structural 
and functional abnormalities in schizophrenia, and suggest that these are relevant to understanding 
broader aspects of pathophysiology, neurodevelopment, and neurodegeneration in this disorder. 
However, there are differences in findings which suggest that the effects of multiple variables on 
ERG and OCT data need further clarification. 


Conclusions—The retina, as the only component of the CNS that can be imaged directly in live 
humans, has potential to clarify important aspects of schizophrenia. With greater attention to 
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specific methodological issues, the true potential of ERG and OCT as biomarkers for important 


clinical phenomena in schizophrenia should become apparent. 
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Schizophrenia; retina; electroretinography (ERG); optical coherence tomography (OCT); vision; 
perception; dopamine; histamine 


1. Introductions 


Many people with schizophrenia experience changes in visual perception. These include: 1) 
visual distortions such as temporary changes in the form, color, and brightness of objects, 
which have been estimated to occur in approximately 2/3 of patients (Bunney et al., 1999; 
Cutting and Dunne, 1986; Keane et al., 2018; Phillipson and Harris, 1985); 2) visual 
hallucinations, which have been estimated to occur in approximately 1/3 of patients (Waters 
et al., 2014), with some studies reporting significantly higher rates [e.g., 48% in (Keane et 
al., 2018)]; and 3) abnormalities on laboratory measures of visual processing, including on 
measures of low-level functions such as contrast sensitivity (Silverstein, 2016). A relatively 
unstudied question regarding these phenomena is the extent to which these changes involve 
alterations in retinal function, as opposed to only changes in cortical and subcortical 
function, as is typically assumed. There are at least four reasons why this is an important 
question. First, many aspects of impaired low-level visual processing in schizophrenia (e.g. 
in contrast sensitivity, color perception), and some of the types of visual distortions and 
hallucinations reported by patients, are similar to what is observed in other conditions with 
known retinal impairments (e.g., Parkinson’s disease, retinal dystrophies) (Archibald et al., 
2009; Brandies and Yehuda, 2008; Ffytche, 2007, 2009; Silverstein et al., 2017b; Silverstein 
and Rosen, 2015; Witkovsky, 2004). Second, impaired functioning as early as the retina 
would cause weaker signaling at the subcortical and possibly cortical levels, and this could 
have multiple serious consequences including: a lowered signal-to-noise ratio (i.e., noisier 
representations); increased entropy/uncertainty regarding the nature of signals and greater 
subsequent demands on perceptual decision making, compensatory effects such as 
development of excessive overlap between receptive fields (i.e., broadening of neural 
tuning); slowness of processing (to reduce errors); and excessive amplification of sensory 
signals, but also noise, at the cortical level (Linsker, 1988; Silverstein et al., 2017a; 
Silverstein et al., 2017c). Third, the retina is a part of the central nervous system (CNS) that 
grows out of the same tissue as the brain early in development, and shares many features of 
the brain (e.g., use of the same neurotransmitters and receptor types, multiple forms of 
neurons and glial cells, lateral connectivity, feedback connections) (Dowling, 2012), but is 
more accessible than the brain for study, and therefore could be useful in accelerating our 
understanding of CNS pathophysiology, and screening for it, in schizophrenia. Fourth, 
several other conditions (e.g., autism, aging, multiple sclerosis, Parkinson’s disease, Lewy- 
body dementia, fronto-temporal dementia, Alzheimer’s disease, mild cognitive impairment) 
involve both retinal and brain changes, with extent of retinal pathology often being 
predictive of illness severity and progression, and cognitive findings, in those conditions 
(Ascaso et al., 2014; Costello and Burton, 2018; Deal et al., 2018; Devos et al., 2005; 
Djamgoz et al., 1997; Ferrari et al., 2017; Jindal, 2015; Liu et al., 2015; Ong et al., 2015; 
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Roy et al., 1997; Satue et al., 2014; Sedighi et al., 2014; Tian et al., 2011; Yu et al., 2014; 
Zimmerman et al., 2014), raising the possibility that similar predictive relationships might 
be observed in schizophrenia. For all of these reasons, the study of vision, and of retinal 
function in particular, is a promising approach to clarifying multiple aspects of the disorder. 
Despite this promise, however, it is a curious fact that while vision is the most studied and 
understood area of neuroscience, it is studied far less than other forms of neural computation 
(e.g., executive function, memory, attention, etc.) in schizophrenia (Silverstein and Keane, 
2011). And, in the history of research on visual function in schizophrenia, studies of retinal 
structure and function make up less than 2% of all studies of visual perception in 
schizophrenia, based on a review of PubMed citations. 


Early studies of this issue were few and far between (Balogh et al., 2008; Gagrat et al., 1979; 
Gerbaldo et al., 1992; Marmor et al., 1988; Schechter et al., 1987; Warner et al., 1999). It is 
only in the last decade that studies reporting altered retinal structure (Ascaso et al., 2010; 
Ascaso et al., 2015; Cabezon et al., 2012; Celik et al., 2016; Chu et al., 2012; Joe et al., 
2018; Lee et al., 2013; Samani et al., 2018; Schonfeldt-Lecuona et al., 2019; Silverstein et 
al., 2018; Vincent et al., in press; Yilmaz et al., 2016) and function (Demmin et al., in press; 
Demmin et al., 2018; Gagné et al., in press; Hebert et al., 2010; Hebert et al., in press; 
Hebert et al., 2015) in people with, or at risk for, schizophrenia, or in relevant animal models 
(Lavoie et al., 2014a; Lavoie et al., 2014b), have begun to appear more regularly. In addition, 
multiple reviews on abnormal retinal structure or function, or both, in schizophrenia have 
been published in the past 5 years (Adams and Nasrallah, 2018; Gagne et al., 2015; Garcia- 
Portilla et al., 2019; Gracitelli et al., 2015; Hosak et al., 2018; Jerotié and Marié¢, 2018; 
Kazakos and Karageorgiou, in press; Lavoie et al., 2014c; Lizano et al., in press; Pan et al., 
2018; Schonfeldt-Lecuona et al., 2016; Schwitzer et al., 2016; Silverstein and Rosen, 2015). 
Other reviews, not focused exclusively on schizophrenia spectrum conditions, also 
demonstrate the relevance of retinal changes to schizophrenia, and in some cases to visual 
processing changes and symptoms such as visual hallucinations (Bernardin et al., 2017; 
Chhablani et al., 2018). In 2015, we published a review of ocular (primarily retinal) issues in 
schizophrenia (Silverstein and Rosen, 2015) that covered the then-available literature on 
changes in retinal structure as measured by optical coherence tomography (OCT), function 
as measured by electroretinography (ERG), and vasculature as measured by fundus 
photography [e.g., (Meier et al., 2015; Meier et al., 2013)]. The purpose of the present 
review is twofold: 1) To provide an up-to-date review of studies of retinal structure and 
function in schizophrenia; and 2) To address issues not raised in earlier reviews but which 
can now be seen to be critical to future discovery in this field (e.g., effects of comorbid 
systemic medical conditions, smoking, medication, substance abuse, sex and gender, obesity, 
attention, motivation, and retinopetal/centrifugal influences). To perform this review, a 
search for relevant studies was conducted using PubMed, the reference sections of all studies 
identified from that search, and the reference sections of all studies cited in our 2015 review. 
For the PubMed search, the following keywords were used: schizophrenia, retina, optical 
coherence tomography (OCT), electroretinography (ERG), retinal nerve fiber layer (RNFL), 
macula, ganglion cell layer, inner plexiform layer, and cup-to-disc ratio. We begin with a 
review of OCT studies of retinal structure, followed by ERG studies of retinal function, and 
we then conclude by discussing methodological considerations. 
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2. Optical coherence tomography studies of schizophrenia 


Multiple studies have reported retinal structural abnormalities among individuals with 
schizophrenia using OCT. Most of these studies focused on retinal nerve fiber layer (RNFL) 
thinning, which represents a reduction in ganglion cell axons, and macular volume (MV), 
which reflects thinning of the fovea and surrounding tissue, typically between the inner 
limiting membrane and the retinal pigment epithelium. From the beginning of research in 
this field, studies found that individuals with schizophrenia demonstrated reductions in both 
RNFL thickness and MV (Lee et al., 2013) or only RNFL thickness (Ascaso et al., 2010; 
Cabezon et al., 2012). One of the first studies of this issue (Chu et al., 2012) did not find 
significant overall RNFL or MV thinning in schizophrenia, but found an association between 
reduction in MV and positive symptoms. That study used an older OCT method (time 
domain OCT) with weaker resolution (~10 micron axial resolution with 400 axial scans per 
second), whereas more recent studies used the newer spectral domain OCT method, with ~5 
micron resolution and over 25,000 axial scans per second. 


Consistent with prior studies, Ascaso et al. (2015) found reductions in RNFL thickness, 
macular inner ring thickness, and MV in individuals with schizophrenia compared to 
controls. After patients were separated into recent illness episode (RIE) and non-recent 
illness episode (NRIE) groups, only NRIE patients demonstrated reduced retinal thickness in 
all parameters. The authors suggested this might be due to neuroinflammation and edema 
that can occur during an acute illness episode and that can mask evidence of tissue loss [as 
in MS (Kaufhold et al., 2013)]. Additionally, there were no associations between OCT 
measures and total illness duration. Yilmaz et al. (2016) reported similar findings, including 
reduced overall and nasal peripapillary RNFL thickness, as well as reduced macular 
thickness in outer nasal and outer inferior macular areas, in schizophrenia. Celik et al. 
(2016) focused on the comparison between treatment refractory and treatment responsive 
schizophrenia patients and investigated RNFL, ganglion cell layer (GCL) and inner 
plexiform layer (IPL) thickness. They reported reduced right eye global RNFL thickness, as 
well as right temporo-superior and right temporo-inferior segment thinning among patients 
with schizophrenia in comparison to controls. Patients also demonstrated reductions in GCL 
and IPL volumes, and those classified as treatment resistant demonstrated lower GCL and 
IPL measurements than treatment responsive patients. In addition, choroidal thickness was 
significantly lower in the treatment resistant patients than treatment responsive patients, but 
there were no significant differences in choroidal thickness reported between overall patient 
and control groups. The authors suggested that this may be a result of longer disease 
duration and antipsychotic use in treatment resistant patients. The researchers also reported 
negative correlations between GCL and IPL thickness and disease parameters, including 
disease duration, symptom severity, and number of hospitalizations. 


One of the only studies to investigate retinal layer thickness and its association with visual 
processing deficits in schizophrenia was conducted by Samani and colleagues (2018). In this 
study, reduced macular thickness in the foveal region, nasal parafoveal region, and temporal 
parafoveal region was observed in patients. Patients also demonstrated outer nuclear layer 
(ONL) and inner segment layer (ISL) thinning in multiple regions, which was related to 
negative symptom severity. Notably, reduced ganglion cell layer thickness in the temporal 
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parafoveal region in patients was associated with decreased low spatial frequency contrast 
sensitivity, which the authors suggest may reflect magnocellular ganglion cell loss 
throughout disease progression. 


Another recent study looked at RNFL, macular, and subfoveal choroidal thickness (SFCT) in 
schizophrenia compared with controls (Topcu- Yilmaz et al., 2018). Although there were no 
significant differences in RNFL and SFCT thickness between groups, patients demonstrated 
macular thinning in multiple regions. RNFL and macular thickness were not associated with 
symptom severity or disease duration. However, patients in this study were recruited from an 
inpatient unit and were likely in an acute illness phase; therefore, as in Ascaso et al. (2015), 
the authors noted the possibility that RNFL thinning might masked by neuroinflammation. 
In another study that examined retinal layers not examined in most prior studies (Schonfeldt- 
Lecuona et al., 2019), significant differences between a combined schizophrenia- 
schizoaffective disorder group and controls were observed in macular volume, and macular, 
RNFL and inner nucleiform layer (INL) thickness. Moreover, this was the first study to find 
a significant inverse correlation between the duration of illness and an RNFL variable (total 
volume). 


In a pilot study by Joe et al. (2018), patients with psychosis (schizophrenia or bipolar 
disorder; n=6) demonstrated, relative to controls (n=18), decreased macular thickness values 
in the inner ring immediately surrounding the central subfield, which was not correlated with 
duration of illness. A reduction in mean choroidal thickness in psychosis patients was also 
reported, but this finding was not significant. However, the authors suggest this may have 
been a result of the small sample size. 


In order to address potential confounding methodological factors in previous studies, 
Silverstein et al. (2018) studied the relationship between structural retinal factors in 
schizophrenia and comorbid medical conditions. No differences in RNFL or macula 
measurements were observed in the schizophrenia group in comparison to controls. 
However, when collapsing across patient and control groups, RNFL, macula, and GCL-IPL 
thinning were associated with diabetes and hypertension, conditions which have a higher 
prevalence in schizophrenia (Mamakou et al., 2018; Nishanth et al., 2017), and which are 
independently associated with retinal thinning (Gangwani et al., 2015; Spaide, 2019). 
Nonetheless, even after controlling for diabetes and hypertension, schizophrenia patients 
demonstrated enlarged optic cup volumes and cup-to-disc ratios, indicating a widening of 
the opening where the retinal ganglion cell axons exit the retina as the optic nerve, which is 
suggestive of tissue loss in the surrounding regions (Airaksinen and Alanko, 1983; Choi et 
al., 2014). This result replicated an earlier finding reported in a published conference 
abstract (Cabezon et al., 2012). Additional findings from this study were that larger left and 
right eye cup volumes were associated with higher Positive and Negative Syndrome Scale 
[PANSS; (Kay et al., 1987)] Cognitive symptom factor scores (Lindenmayer et al., 1994; 
Lindenmayer et al., 1995) and with antipsychotic medication dose. This may indicate that 
structural alterations, perhaps reflecting neural degeneration, observed at the point that the 
optic nerve leaves the retina, are associated with a more severe form of illness, including 


more cognitive impairment and the need for higher medication doses. 
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Vincent et al. (Vincent et al., in press) conducted the first intra-device reliability study of 
OCT in schizophrenia, using Spectralis and Cirrus devices. Patients demonstrated macula 
thinning on both devices, but not RNFL or GCL-IPL thinning. Reliability was good across 
machines but varied across measures as a function of device. 


Overall, studies of OCT in schizophrenia consistently indicate evidence of structural retinal 
pathology. However, the sites of the abnormalities are often inconsistent across studies (i.e., 
RNFL, macula, optic nerve head), and while some evidence of normal findings has been 
attributed to recent illness episodes [and so possibly to neuroinflammation masking retinal 
atrophy] (Ascaso et al., 2015; Topcu- Yilmaz et al., 2018)], other studies reported normal 
findings in clinically stable patients [e.g., (Chu et al., 2012; Silverstein et al., 2018)]. Thus, 
OCT continues to show promise as a neuroimaging technique for schizophrenia. However, 
there are clearly a number of variables that affect what findings emerge, and it is not really 
clear at this point what all of those variables are, or even what the relative contributions are 
of the variables that we suspect may be relevant (e.g., different scanners, marijuana use, 
medication history, presence of diabetes, etc.). In the next section of the paper (following the 
review of recent ERG studies below), we discuss those factors that we believe are most 
relevant to gaining a better understanding of retinal degeneration in schizophrenia. 


3. Electroretinography (ERG) studies of schizophrenia 


Anomalies in retinal functioning in schizophrenia have been consistently observed in 
schizophrenia, in the form of changes in flash ERG waveforms and, in some cases, their 
implicit times or latencies (Lavoie et al., 2014b). In studies of schizophrenia, several 
waveforms have been assessed, including the a-wave of the flash fERG which reflects 
photoreceptor (rod and/or cone) response, the b-wave of the fERG which reflects combined 
activity of bipolar and Miiller (glial) cells, oscillatory potentials [a series of small positive 
deflections on the ascending curve of the fERG b-wave that are thought to be initiated by 
dopaminergic inhibitory activity within amacrine cells, and then actually generated by 
bipolar cells (Wachtmeister, 1998)], the photopic negative response of the fERG which 
reflects activity of retinal ganglion cells, and the waveforms of the pattern electroretinogram 
(pERG), which reflect activity of retinal ganglion cells in response to stimuli with clearly 
defined borders between light and dark regions (Creel, 2012; Frishman et al., 2018; Perlman, 
2012; Porciatti, 2015). Marmor et al. (Marmor et al., 1988) focused on oscillatory potentials 
and did not find abnormalities in these waveforms in schizophrenia patients, all of whom 
were unmedicated. Warner et al. (1999) found reduced cone a-wave and rod a- and b-wave 
amplitudes in individuals with schizophrenia, unrelated to medication dose, when compared 
to controls. Another study demonstrated decreased a-wave amplitudes in patients with 
schizophrenia following hospitalization for acute psychosis (Balogh et al., 2008). Notably, 
these abnormalities were partially normalized following 8 weeks of treatment, which 
suggested a possible state effect. Hébert et al. (2015) found reductions in cone a-wave 
amplitude, mixed rod-cone b-wave amplitude, and rod b-wave amplitude among individuals 
with schizophrenia (n=105), and lower rod b-wave amplitudes and longer latencies in 
unaffected offspring of parents with schizophrenia or bipolar disorder (Hebert et al., 2010), 
suggesting that the b-wave component may be sensitive to illness diathesis. These initial 
ERG findings suggested that acute psychosis may be characterized by abnormal 
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photoreceptor functioning, whereas aberrant bipolar-Miiller cell functioning may occur in 
chronic schizophrenia and in high-risk individuals regardless of level of symptoms, although 
the role of antipsychotic medication use in further lowering amplitudes was left as a question 
in need of further study. 


Recent studies of retinal functional activity in schizophrenia have reported findings 
consistent with those of previous studies in indicating that schizophrenia patients 
demonstrate attenuated photoreceptor and bipolar cell activity. Using a portable ERG device, 
Demmin et al. (2018) found decreased photoreceptor and bipolar cell activity in patients 
under both photopic and scotopic conditions at higher stimulus intensities, and using a 
flicker paradigm (further indicating impaired cone function). Patients also demonstrated 
attenuated photopic negative response (PhNR) amplitude, suggesting reduced retinal 
ganglion cell activity. There were no significant differences between patients and controls in 
implicit time of peak amplitudes on any test in this study. A consistent pattern of correlations 
also emerged indicating that weaker responses to the dimmest light stimuli in both photopic 
and scotopic conditions were related to higher levels of negative symptoms in patients. 


We recently reported on the effects of a food reward on ERG indices measured at baseline, 
anticipation of reward, and immediately post-reward, in schizophrenia and healthy control 
groups (Demmin et al., in press). Consistent with previous ERG studies, a- and b-wave 
amplitudes were lower in the schizophrenia group when compared to controls. Interestingly, 
controls demonstrated differences in b-wave amplitude between each pairwise combination 
of the three conditions, with a linear decrease in amplitude as a function of increasing 
reward salience, while these differences were not seen in the schizophrenia group. For both 
groups, ERG amplitudes were related to indices of hedonic capacity, and they were related 
to negative symptoms involving motivation and hedonic capacity in patients. Differences in 
the direction of findings between the controls in this study and those in a prior study of food 
reward effects on ERG in controls (Nasser et al., 2013) are discussed in the next section, in 


the subsection on motivational effects on ERG data. 


In the largest ERG study in psychiatry to date (Hebert et al., in press), flash ERG data were 
recorded in 150 schizophrenia patients, 151 bipolar disorder patients, and 200 
psychiatrically healthy control subjects. Both disorders were characterized by reduced a- 
wave amplitudes, prolonged b-wave latencies, and reduced mixed rod-cone a- and b-wave 
amplitudes. Reduced cone b-wave amplitude was observed only in the schizophrenia group, 
however. In addition, the schizophrenia group could be differentiated from both the bipolar 
disorder and control groups with high levels of accuracy, sensitivity and specificity based on 
a combination of ERG metrics. Of note, ERG indices were not significantly correlated with 
antipsychotic medication dosages. These data provide the most convincing evidence to date 
of the potential of ERG to be useful as an aid in differential diagnosis — a utility that 
presumably could be refined further with additional studies including a wider range of ERG 
parameters and devices. The data of (Hebert et al., in press) demonstrates a translational 
utility that is often an expressed long-term goal of much research on perception and 
cognition in psychiatry, but that is rarely achieved. 
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In a follow up study to Hébert et al. (2010), flash ERG data (restricted to b-wave indices) 
were recorded in 99 offspring of parents with either schizophrenia, bipolar disorder, or major 
depressive disorder (mean age = 16.03, SD = 6.14) and compared to data from 223 age- and 
sex-matched psychiatrically healthy controls (Gagné et al., in press). Replicating past 
findings, this study found that in the high-risk group, rod b-wave amplitude was decreased, 
and rod and cone b-wave latencies were increased. The groups did not differ in cone b-wave 
amplitude, the latter being a metric that has been found to be abnormal in schizophrenia 
(Demmin et al., 2018; Hebert et al., 2015), but not in high risk subjects or people with mood 
disorders (Hebert et al., 2010; Hébert et al., 2017). This suggests that this metric may be 
linked to presence and/or severity of psychosis, which is consistent with the known 
sensitivity of cones, especially those sensitive to blue light, to dopamine levels in the brain 
and retina (Brandies and Yehuda, 2008; Demmin et al., in press; Lavoie et al., 2014b; Nasser 
et al., 2013; Popova, 2014; Popova et al., 2016; Roy et al., 1997; Roy et al., 1996; 
Witkovsky, 2004). 


In a study focused on retinal ganglion cell activity, Moghimi et al. (in press) replicated the 
finding of attenuated PhNR amplitudes in schizophrenia, originally reported in Demmin et 
al. (2018). They also observed multiple trend-level findings on the pattern ERG suggestive 
of impairment in schizophrenia. Due to the small sample size, large variability in 
performance among patients, and sex differences in performance, the meaning and 
implications of these findings need to be explored further. If they can be replicated in larger 
samples, however, the data could guide studies to answer questions such as: 1) which of the 
many types of ganglion cells are most affected in schizophrenia?; 2) to what extent do 
impairments in specific types of retinal cells (e.g., midget vs. parasol cells) differentially 
contribute to the well-characterized ventral and dorsal stream cortical disturbances in visual 
processing in schizophrenia?; 3) to what extent do findings on retinal cell types point 
towards specific genetic contributions to schizophrenia; and 4) in the development and 
course of schizophrenia, do changes in retinal ganglion cell function occur in parallel with, 
or earlier or later than, bipolar-Miiller cell and photoreceptor changes? The last question is 
relevant to the hypothesis that some proportion of structural and functional changes of the 
retina in schizophrenia may be due to retrograde trans-synaptic degeneration, in which loss 
of occipital lobe volume leads to death of cells projecting to this region from the lateral 
geniculate nucleus (LGN), which leads to death of ganglion cells (which project to the 
LGN), and perhaps eventually to changes in earlier layers such as the outer nuclear layer 
(the location of bipolar cell bodies) and the photoreceptor layer (Silverstein et al., 2018). It 
is also possible, however, that changes progress in the other direction (anterograde trans- 
synaptic degeneration), in which death of retinal cells leads to changes in the LGN and then 
eventually to volume loss in the visual cortex. At present, the relative timing of functional 
and structural changes in different retinal layers in schizophrenia has not been explored. 


4. Critical issues 


4.1 Systemic disease effects 


In our view, one of the most important, and typically unaddressed issues in this field 
involves the extent to which abnormal retinal findings in studies such as those cited above 
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are due to schizophrenia, as opposed to being effects of comorbid diseases. Two such 
conditions are diabetes or hypertension. Both of these conditions are over-represented, 
underdiagnosed, and undertreated in people with schizophrenia (Bernardo et al., 2009; 
Correll et al., 2014; Hoffman, 2017), both are associated with brain pathology including 
cognitive impairment (Parfenov et al., 2018; Zilliox et al., 2016), and their presence is 
associated with poorer cognitive functioning in people with schizophrenia relative to people 
with schizophrenia without these conditions (Dickinson et al., 2008; Morra and Strauss, 
2016). Diabetes (both Type I and ID) and hypertension also have negative effects on retinal 
health (Modi and Arsiwalla, 2018; Yasin Alibhai et al., 2018), including significant thinning 
of retinal layers as indicated by OCT (Chhablani et al., 2015; Chhablani et al., 2018; 
Dumitrescu et al., 2017; Wang et al., 2015), and impairments in retinal function as indicated 
by ERG (Bellini et al., 1995; Gundogan et al., 2008; Lecleire-Collet et al., 2011; Parisi and 
Uccioli, 2001; Ravalico et al., 1995; Tyrberg et al., 2011), even in the absence of 
diagnosable retinopathy. Therefore, excluding people with, for example, diabetic 
retinopathy, from studies of the retina in schizophrenia is not sufficient to guard against the 
effects of systemic disease [see (Yasin Alibhai et al., 2018; Zeng et al., in press) for two 
good recent examples of this in non-psychiatric studies]. We demonstrated this in a recent 
study from our lab, as noted above, in which we observed that when schizophrenia patients 
free of diabetes or hypertension were compared to controls free of these conditions, there 
were no differences in RNFL, macula, or GCL-IPL thickness values (Silverstein et al., 
2018). In contrast, when all subjects with diabetes or hypertension were compared to all 
subjects without these diseases (combined across the schizophrenia and healthy control 
groups) there were many variables where the diabetes-hypertension group demonstrated 
evidence of retinal thinning. Therefore, studies of retinal structure and function in 
schizophrenia that do not include presence of diabetes and hypertension (and other relevant 
diseases that can affect the eye) as independent variables may erroneously conclude that 
there is a direct schizophrenia-related effect in cases when none exists. 


4.2 Smoking 


Another relatively neglected issue in research on perception and cognition in schizophrenia 
is the effects of chronic smoking. Regarding the retina specifically, nicotine is known to 
cross the blood-retina barrier (Tega et al., 2015) and to reduce (either initially, or secondary 
to inhibition after an initial increase in activity, depending on the condition) ERG amplitudes 
(Varghese et al., 2011). Because estimates of smoking in schizophrenia are often at around 
80% (de Leon and Diaz, 2005; Dervaux and Laqueille, 2008; Williams and Gandhi, 2008), 
and it has been shown that people with schizophrenia absorb more nicotine per cigarette than 
people without schizophrenia (Williams et al., 2010), this raises the possibility that smoking 
plays a significant role in the reduced ERG amplitudes found in people with schizophrenia. 
Smoking has also been associated with thinning of retinal structures such as the retinal nerve 
fiber layer (El-Shazly et al., 2017; Kucuk and Akkaya, 2018; Teberik, 2019), although this 
has not always been found (Rosso et al., 2019). These data raise the question of how much 
of the retinal structural and functional changes found in schizophrenia are due to smoking 
effects. 
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4.3. Medication 


The overwhelming majority of studies of schizophrenia have involved medicated patients, 
which renders difficult the interpretation of the extent to which reduced a- and b-wave 
amplitudes in the fERG are due to medication effects and/or to schizophrenia. This is an 
important issue because: 1) data from healthy controls indicates that chlorpromazine, and to 
a lesser extent haloperidol, lowers ERG amplitudes and prolongs latencies in healthy people, 
and does so significantly more than a benzodiazepine, anticholinergic drugs, or placebo 
(Bartel et al., 1990a, b; Bartel et al., 1990c); and 2) ERG assessment in the same 
schizophrenia patients from acute hospitalization (an average of 4.6 weeks after starting 
medication) to 8 weeks later indicated that a-wave amplitude was no longer significantly 
different than among controls after the follow-up period [note that this was one of the only 
studies that did not show attenuated b-wave amplitudes in patients (see also (Warner et al., 
1999)]. Therefore, medication status and duration may need further attention in future 
studies. It is likely, however, that some findings may be diathesis/trait/disease-related, such 
as those of Hébert et al. (2010) and Gagné et al. (in press) who found ERG anomalies in 
healthy offspring of a parent with a serious mental illness, as described above. 


The mechanism of medication effects is likely to involve passage through the blood-retina 
barrier (BRB). Blood is supplied to the retina from two sources: the central retinal artery 
which is located in the center of the optic nerve bundle, and which branches into capillaries 
in the inner retina, and the choroid which supplies blood to the outer retinal cells and 
photoreceptors. There are actually two types of BRBs: 1) tight junctions between retinal 
capillary endothelial cells (the inner BRB; and 2) tight junctions between retinal pigment 
epithelilial cells (the outer BRB) (Cunha-Vaz et al., 2011). Medications vary widely in their 
ability to pass through the BRB, and the permeability of most antipsychotic medications is 
not known, since it is medications to treat retinal diseases that are typically studied. 
However, many drugs, including some that have been commonly used in psychiatry (e.g., 
verapamil) easily cross the BRB (Hosoya et al., 2011), and L-DOPA, which affects retinal 
function (Brandies and Yehuda, 2008) does so as well. Because antipsychotic medications 
cross the blood-brain barrier, and can cause cytotoxic effects and death of endothelial cells 
in the brain, leading to unwanted increases in permeability (Elmorsy et al., 2014), further 
study of antipsychotic medication effects in ERG studies is warranted, especially regarding 
whether cytotoxic effects on retina/ endothelial cells can occur due to these medications. 
Much less is known about medication effects on OCT findings, but preliminary evidence 
suggests that at least some antipsychotic medications can have negative effects on retinal 
structures. For example, clozapine or fluphenazine use can lead to maculopathy (Lee and 
Fern, 2004; Tong et al., 2017), and aripiprazole and thioridazine use have been linked to 
chorioretinopathy (Connell et al., 1964; Faure et al., 2015; Meredith et al., 1978; Neves et 
al., 1990). Therefore, it is possible that some of the OCT findings in schizophrenia could 
reflect toxic effects of antipsychotic medications on neural and/or vascular structures within 
the retina. Another important question is the extent to which data suggesting that retinal 
thinning is associated with increased illness chronicity (Ascaso et al., 2015; Lee et al., 2013) 
reflects an actual illness progression effect, as opposed to these toxic effects, or to effects of 
chronic blockade of DA receptors in the retina, which could lead to reductions of dendrites 
and axonal and cell death (Silverstein and Rosen, 2015). A further caveat here is that illness 
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chronicity, and lifetime exposure to antipsychotic medication, are highly likely to be related 
to age in any patient sample, which introduces a further confound since age is related to 
thinning of retinal structures (Ryoo et al., 2018). The importance of this can be seen in the 
difference between the Lee et al. (2013) study, which found a relationship between OCT 
variables and illness chronicity but did not control for age, and the study of Ascaso et al. 
(2015), which did not find a relationship with illness duration but did control for age. 


4.4 Substance Use 


The rate of comorbid substance use disorders in people with schizophrenia has been 
estimated to be over 40% (Hunt et al., 2018). People with significant substance use are 
typically excluded from studies of perception and cognition in schizophrenia. Beyond the 
issue of generalizability of findings when 40% of people with a condition are excluded from 
studies, there are many people who do not meet criteria for a substance use disorder but who 
have drugs in their bloodstream. This is increasingly becoming a problem with legalization 
of cannabis. Cannabis use is associated with noisier signals in the flash ERG (Lucas et al., 
2019), and delayed signals in both the flash ERG (Schwitzer et al., 2018) and pattern ERG 
(Schwitzer et al., 2017), the latter a technique that is just starting to be used in studies of 
schizophrenia [e.g., (Moghimi et al., in press)]. ERG effects as the result of chronic cocaine 
use and withdrawal (Roy et al., 1997; Roy et al., 1996; Sanchez-Villarejo et al., 2014), 
chronic alcohol use in animal studies (Sancho-Tello et al., 2008), and other forms of drug 
abuse (Su et al., 2017; Toyonaga et al., 1989) have also been reported. Therefore, it is 
important to isolate, as much as possible, effects of schizophrenia from those of comorbid 
substance use in future ERG studies. Effects of substance use on retinal structure are less 
clear at this point, but case studies suggest the potential for structural changes (Su et al., 
2017), and so an issue for future studies is to quantify the contribution of comorbid drug use, 
especially chronic use, in OCT studies. 


4.5 Sex and gender 


Schizophrenia is associated with sex (Mendrek and Mancini-Marie, 2016) and gender 
(Lewine et al., 2017) differences on multiple variables related to brain and cognition. For the 
most part, however, any such differences in ERG or OCT data in people with schizophrenia 
have been unreported, or studies were too small to have adequate power to reach definitive 
conclusions. However, sex differences in ERG data are well-established, with amplitudes 
reported to be significantly higher in women (Birch and Anderson, 1992; Brule et al., 2007; 
Karpe et al., 1950). Menstrual cycle phase effects on the ERG have also been studied. Brilé 
et al. (2007) reported that whereas photopic ERG amplitudes were consistently larger in 
premenopausal women compared to men regardless of cycle phase, sex-differences on 
scotopic testing were observed only during the follicular phase. Hormonal effects on ERG 
data have also been shown in animal models (Chaychi et al., 2015). The data on sex 
differences in retinal structure are less clear but there is evidence that females have thicker 
RNEFLs whereas males have thicker outer nuclear layer, outer plexiform layer, inner nuclear 
layer, and macular values (Ooto et al., 2011; Ryoo et al., 2018). Finally there is evidence 
from animal studies for estrogen receptors in multiple retinal layers, which could have 
neuroprotective and modulatory effects (Kobayashi et al., 1998) as long as significant levels 
of estrogen are present. All of these data suggest that sex differences should always be 
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reported in studies of retinal structure and function in schizophrenia, and that data from 
female subjects, at least for scotopic ERG findings, are best examined as a function of 


menstrual cycle phase. 


4.6 Obesity 


A recent study demonstrated that obesity is associated with thinning of the RNFL overall 
and in several of its subregions (Laiginhas et al., 2019). This is relevant to the present review 
because schizophrenia is associated with metabolic syndrome, weight gain, and obesity 
(McDaid and Smyth, 2015), even at the first episode (Correll et al., 2014). Although a 
significant degree of weight gain in even young people with schizophrenia is related to 
antipsychotic medication use (Theisen et al., 2001), weight gain in the disorder can be due to 
a number of factors (Dayabandara et al., 2017). Therefore, it will be important to examine 
the relationships between weight and OCT variables in future studies, and to control for this 
when appropriate (i.e., when it does not remove variance in the dependent measures that is 
associated with schizophrenia [see (Miller and Chapman, 2001)]. 


4.7 Attention 


Given the well-known attentional impairment that is found in most people with 
schizophrenia (Seidman and Mirsky, 2017), understanding potential effects of reduced 
attention on ERG amplitudes is an important issue. Studies on this issue in healthy subjects 
have yielded mixed results, with some studies indicating no effect on ERG data (Hackley et 
al., 1990; Mangun et al., 1986), and other studies indicating that b-wave amplitudes were 
larger for stimuli in an attended vs. an unattended visual field [(Eason, 1984; Eason et al., 
1983) reviewed in (Ortiz et al., 2017)]. At this point, we recommend that future studies add 
an attentional manipulation when possible, given the potential for attentional effects to be 


present at least under some conditions. 


It is also important to note that the vigilance level, or attentiveness, of the subject impacts 
the pupil size significantly (Reimer et al., 2016), and therefore the ERG values under 
conditions of constant stimulus luminance. Because people with schizophrenia, especially 
those with negative symptoms, can demonstrate reduced pupil sizes (Granholm and Verney, 
2004; Minassian et al., 2004; Thakkar et al., 2018; Verney et al., 2004), if this variable is not 
taken into account in statistical analyses of between-group effects, the impact of the 


attentional state may lead to false interpretations. 


4.8 Motivation and retinopetal influences 


Effects of food reward on ERG amplitudes in humans have been demonstrated in two studies 
(Demmin et al., in press; Nasser et al., 2013). This suggests that the overall motivational 
state of the subject (caused either by anticipating a reward, or immediately after consuming 
a reward), and perhaps overall arousal level, may influence ERG data. We discussed this 
issue in detail in Demmin et al. (in press) and so here will only summarize the most general 
issues raised by this line of research. Most importantly, fast-acting central effects such as 
changes in b-wave amplitude immediately after consuming a food reward are unlikely to be 
due to activity at the blood-retina barrier. Rather, such effects are likely to involve activity of 
retinopetal (or centrifugal, or efferent) neurons: those that enter the retina from the brain 
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through the optic nerve bundle, and that modulate the responses of retinal cells. These 
neurons are few in number, but are characterized by extensive branching inside the retina, 
where they affect multiple aspects of retinal function. To date, the only known retinopetal 
neurons are histaminergic and serotinergic (Gastinger et al., 2006; Labandeira-Garcia et al., 
1990; Ortiz et al., 2017). Several lines of evidence suggest that the food reward effects 
observed in the studies cited above are related to histaminergic effects. For example, the 
primary source of histaminergic retinopetal neurons in humans is thought to be the 
hypothalamus (Gastinger et al., 2006; Ortiz et al., 2017), where activation in response to 
food reward has been demonstrated many times (Anand and Brobeck, 1951; Qualls- 
Creekmore et al., 2017; Uribe-Cerda et al., 2018). Second and related to the prior point, 
brain histamine release is increased in the presence of food reward (Torrealba et al., 2012). 
Third, histamine is also involved more generally in promoting arousal, wakefulness, and 
attention (Ma et al., 2018), and this is relevant to presentation of a food reward, over and 
above the primary reinforcing effects of such a reward. Fourth, retinal histamine affects 
activity in on-center bipolar cells (Yu et al., 2009), and histamine receptors are found on 
cones, horizontal cells, and amacrine cells (Vila et al., 2012). Fifth, brain DA level changes 
(which contribute significantly to motivation) can affect histamine release (Horner et al., 
2007; Yanovsky et al., 2011). These data broadly imply that ERG data may be affected by a 
person’s motivation to perform and to complete the task, as well as possibly to their overall 
arousal level during the task. Since many schizophrenia patients are characterized by 
motivational disturbances (including in the representation and valuation of rewarding 
stimuli) (Catalano et al., 2018; Fervaha et al., 2013; Schlosser et al., 2014; Strauss et al., 
2014; Subramaniam et al., 2015), it will be important to determine the extent to which 
findings of reduced retinal cell activity in schizophrenia reflect a primary anomaly in retinal 
cell signaling versus reduced modulatory effects from brain motivational systems. In 
general, clarifying attention and motivation effects in the ERG will help to generate a more 
refined estimate of the integrity of retinal cell function, while at the same time clarifying the 
extent to which ERG be viewed as a proxy for brain activity in schizophrenia, as has 
sometimes been the case with ERG in other disorders such as Parkinson’s disease [reviewed 
in (Brandies and Yehuda, 2008)]. 


5. Conclusions 


Studies published since our 2015 review continue to provide evidence for abnormalities of 
retinal function (using ERG) and structure (using OCT) in schizophrenia. Despite the 
convergence of most findings to date, there remain a number of issues that can now be seen 
as clearly relevant to moving forward with this line of research. These include influences of 
the following on retinal structure and function in schizophrenia: 1) systemic disease, 
especially diabetes and hypertension; 2) smoking; 3) antipsychotic medication; 4) substance 
use; 5) sex and gender; 6) obesity, 7) attention; and 8) arousal and motivation, as they 
influence the retina via histaminergic and serotonergic input from brain regions. As there is 
suggestive but still little evidence about each of these issues, mechanistic studies in healthy 
controls are needed in addition to, and ideally prior to, studies in patients. Issues for which 
there is essentially no evidence in the literature, but that are also relevant to studies of people 
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with schizophrenia include effects of sleep disturbance, excessive caffeine use, trauma 
histories, anxiety and stress, and post-traumatic stress disorder symptoms, to name a few. 


In addition to an increased attention to the above issues, several other methodological issues 
are relevant. One is determination of the optimal parameters of light stimuli (e.g., intensity, 
color, duration, background lighting characteristics) in ERG tests, in terms of achieving the 
greatest sensitivity to different clinical issues in schizophrenia (e.g., conversion to psychosis, 
differential diagnosis, medication response, impending relapse, potential for recovery). 
Another is the choice of outcome metrics for ERG studies. Traditionally, studies have 
focused on a- and b-wave amplitudes and latencies. There are other wave forms (e.g., c- 
wave, oscillatory potentials) that are likely to be informative, however, one of which, the 
photopic negative response, reflecting an aspect of ganglion cell response, was found to be 
abnormal in two recent studies (Demmin et al., 2018; Moghimi et al., in press). Beyond 
traditional waveforms, however, other approaches to ERG data analysis may be useful. 
These include examining the extent to which people with schizophrenia are characterized by 
less consistency in their responses from trial to trial at all points in the curves defining the 
traditional ERG waveforms (i.e., reduced intraclass correlation), and also the extent to which 
they may differ in the spectral frequency components of the individual waveforms at all or 
some timepoints [see (Gauvin et al., 2014; Gauvin et al., 2015) for examples of this 


approach]. 


Regarding OCT, there has been inconsistency in findings across studies of schizophrenia in 
terms of whether RNFL, macula, GCL-IPL or other structures showed abnormalities. One 
issue here is that most past studies have been too small to generate a strong estimate of 
between-group differences. Another is that in many cases, specific variables were not taken 
into account (e.g., antipsychotic medication dose and lifetime exposure, smoking, diabetes 
presence) that could have helped interpret the positive/negative findings within and across 
studies. And, as Vincent et al. (in press, this issue) demonstrated, somewhat different results 
may be obtained on different OCT scanners. State-related issues may also be relevant to 
OCT data, given recent findings that RNFL thickness increased after ECT treatment in a 
mixed psychiatric diagnosis sample (Ucar et al., 2018), and the suggestion that acute 
psychosis is associated with neuroinflammation that masks retinal thinning (see above). 
Ultimately, larger studies that address a wider range of patient variables will allow for more 
precise estimates of the sensitivity of different OCT indices to a range of schizophrenia- 
related outcomes. Recent advances in OCT angiography are also allowing for quantification 
of retinal blood vessel width, and so it will be useful to compare results from this method 
with those of semi-automated scoring methods applied to fundus photography images, 
which is now the standard in psychiatric studies of retinal vessel caliber [e.g., (Hill et al., in 
press)]. Finally, recent findings linking specific genetic loci to both macular thickness and to 
schizophrenia (Gao et al., 2019) point towards the potential future utility of including OCT 
variables in personalized medicine efforts at schizophrenia risk prediction. 


Addressing the issues raised in the last two paragraphs is relevant both for better estimation 
of the nature and extent of retinal functional and structural pathology in schizophrenia, and 
for more accurate understanding of the meaning of longitudinal changes in ERG and OCT 
data in the same patients (i.e., the extent to which they may be state-related vs. illness 
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progression-related). Given the speed, tolerability, and low-cost of ERG and OCT 
assessments, especially relative to techniques such as {MRI or PET, there is real translational 
potential for including retinal assessments in ongoing screening, treatment and monitoring 
efforts for people with schizophrenia. 
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